The fourth transmembrane segment (S4) has been shown to function as a voltage sensor in voltage-gated channels. On membrane depolarization, a stretch of S4 moves outward and initiates a number of conformational changes that ultimately lead to channel opening. Conserved proline residues are in the middle of the S4 of motifs I and III in voltage-dependent Ca 2؉ channels. Because proline often introduces a ''kink'' into a helical structure of proteins, these residues might have an intrinsic function in the voltage sensor. Voltage-dependent ion channels are thought to go through a series of conformational changes from nonconducting to conducting state on depolarization. Cloning and analysis of the predicted secondary structure of the Na ϩ channel (1), Ca 2ϩ channel (2), and the K ϩ channel (3) revealed a sharing of a common feature of positively charged transmembrane segments termed transmembrane segment 4 (S4). The S4 is likely to form an ␣-helix in which every third or fourth residue is basic (arginine or lysine) and carries positive charges. It is thought that the S4 ␣-helices traverse the membrane electric field and that, during depolarization, they move outward into the extracellular space and initiate conformational changes of the channel. This concept is supported by mutagenesis studies in which the mutations in charged residues (4-6) or uncharged residues (7-10) in S4 resulted in a shifted voltage dependence of activation. Several models have been proposed to account for the outward movement of S4, including a ''sliding helix'' (11) and a ''propagating helix'' (12). Direct proof for the outward movement of S4 has been shown in the Shaker K ϩ channel (13-15) as well as in the Na ϩ channel (16). Proline residues naturally occur in the middle of the S4 of motifs I and III in all known voltage-dependent Ca 2ϩ channel ␣ 1 subunits, including ␣ 1A, ␣ 1B, ␣ 1C, ␣ 1D, ␣ 1E, and ␣ 1S (17) and ␣ 1G and ␣ 1H (18, 19) . In the normal helical structure of proteins, proline often causes a turn in the backbone. As an imino acid, it limits the rotation around the N-C␣ bond, resulting in a 15-20°kink in the helical structure (20, 21) . Thus, it is likely that the proline residues in the S4 putative ␣-helices of Ca 2ϩ channels introduce kinks to these ''moving ␣-helices.'' The high conservation of these prolines among different Ca 2ϩ channels implies a critical importance in channel function. To clarify the role of these evolutionarily conserved prolines, we engineered and characterized mutant channels in which the prolines either were removed from motif IS4 and͞or motif IIIS4 or were added to equivalent positions in motif IIS4 and͞or IVS4 of the human-heart L-type Ca 2ϩ channel. Here, we describe crucial roles that S4 prolines play not only in voltage sensing but also in open-close transition of the channel.
Voltage-dependent ion channels are thought to go through a series of conformational changes from nonconducting to conducting state on depolarization. Cloning and analysis of the predicted secondary structure of the Na ϩ channel (1), Ca 2ϩ channel (2) , and the K ϩ channel (3) revealed a sharing of a common feature of positively charged transmembrane segments termed transmembrane segment 4 (S4). The S4 is likely to form an ␣-helix in which every third or fourth residue is basic (arginine or lysine) and carries positive charges. It is thought that the S4 ␣-helices traverse the membrane electric field and that, during depolarization, they move outward into the extracellular space and initiate conformational changes of the channel. This concept is supported by mutagenesis studies in which the mutations in charged residues (4-6) or uncharged residues (7) (8) (9) (10) in S4 resulted in a shifted voltage dependence of activation. Several models have been proposed to account for the outward movement of S4, including a ''sliding helix'' (11) and a ''propagating helix'' (12) . Direct proof for the outward movement of S4 has been shown in the Shaker K ϩ channel (13) (14) (15) as well as in the Na ϩ channel (16) . Proline residues naturally occur in the middle of the S4 of motifs I and III in all known voltage-dependent Ca 2ϩ channel ␣ 1 subunits, including ␣ 1A, ␣ 1B, ␣ 1C, ␣ 1D, ␣ 1E, and ␣ 1S (17) and ␣ 1G and ␣ 1H (18, 19) . In the normal helical structure of proteins, proline often causes a turn in the backbone. As an imino acid, it limits the rotation around the N-C␣ bond, resulting in a 15-20°kink in the helical structure (20, 21) . Thus, it is likely that the proline residues in the S4 putative ␣-helices of Ca 2ϩ channels introduce kinks to these ''moving ␣-helices.'' The high conservation of these prolines among different Ca 2ϩ channels implies a critical importance in channel function. To clarify the role of these evolutionarily conserved prolines, we engineered and characterized mutant channels in which the prolines either were removed from motif IS4 and͞or motif IIIS4 or were added to equivalent positions in motif IIS4 and͞or IVS4 of the human-heart L-type Ca 2ϩ channel. Here, we describe crucial roles that S4 prolines play not only in voltage sensing but also in open-close transition of the channel.
MATERIALS AND METHODS
Site-Directed Mutagenesis and in Vitro Transcription. The human heart L-type Ca 2ϩ channel ␣ 1C subunit (22) cDNA was constructed in the plasmid pBluescript SK(ϩ) (Stratagene). Mutations were introduced by the PCR method by using primers containing desired mismatches. The full-length mutant Ca 2ϩ channel ␣ 1C subunit cDNAs were produced by subcloning mutant cassettes into the full-length wild-type ␣ 1C subunit cDNA. The whole region replaced by the PCR was sequenced, and the presence of the desired mutation(s) was confirmed. Capped cRNAs specific for the wild-type ␣ 1C subunit, mutant ␣ 1C subunits, ␣ 2 ͞␦ a subunit (23) , and ␤ 3 subunit (24) were synthesized by in vitro transcription.
Expression of Channels and Electrophysiological Measurements. Xenopus laevis oocytes were defolliculated by incubating with 2 mg͞ml collagenase (Type IA; Sigma) in a solution containing (in mM): 82.5 NaCl, 1 KCl, 1 MgCl 2 , and 5 Hepes (pH 7.5). Stage V and VI oocytes were injected with 5-25 ng of ␣ 1 subunit cRNA in combination with ␣ 2 ͞␦ a subunit and ␤ 3 subunit cRNA in 1:1:1 molar ratio. Injected oocytes were maintained at 19°C in a solution containing (in mM): 96 NaCl, 2 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 5 Hepes, 2.5 sodium pyruvate, and 0.5 theophylline (pH 7.5), supplemented with 100 units͞ml penicillin and 100 g͞ml streptomycin for 2-4 days before electrophysiological recording.
Single-channel currents were recorded by using a patchclamp amplifier (Axopatch 200A, Axon Instruments, Foster City, CA). After mechanically removing the vitelline membrane, the membrane potential of oocytes was zeroed by a high K ϩ solution containing (in mM): 140 KCl, 2 MgCl 2 , 5 EGTA, and 5 Hepes (pH 7.4). The patch electrodes were coated with
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PNAS is available online at www.pnas.org. (25) . The voltage recording electrode and the current injection electrode were filled with 3 M KCl and had a resistance of 0.5-1 megaohms. Pulses were applied from a holding potential of Ϫ80 mV to potentials between Ϫ40 and ϩ50 mV in 10 mV increments. Whole cell leakage and capacitive transients were subtracted by using the P͞4 protocol (26) . Data were sampled at 1-10 kHz after being filtered at 1 kHz. To minimize an error in the voltage control, currents larger than 2 A or smaller than 200 nA were excluded from analyses. All measurements were made at room temperature (22-23°C). The PClamp system (Axon Instruments) was used for data acquisition and analysis. Values are presented as means Ϯ standard error. P Ͻ 0.05 was considered as statistically significant difference.
RESULTS
The wild-type calcium channels have two S4 voltage sensors with a proline in the middle of the ␣-helix ( Fig. 1 ) that might influence the physical movement of these domains. To test the hypothesis as to whether the S4 prolines set the gating properties of the channel, we conducted mutagenesis and functional studies on mutant channels. Two naturally occurring prolines in motif IS4 and motif IIIS4 ␣-helices, pro215 and pro976 were changed individually into leucines (P215L and P976L), resulting in channels that have only one S4 with a proline. The double mutant P215L-P976L had no proline in the S4. Next, we substituted additional prolines at the equivalent positions of motif IIS4 and motif IVS4 (I598P and L1307P), making channels that have three S4s with a proline. The double mutant I598P-L1307P had prolines in all four S4s.
Single-Channel Measurements. Representative current traces recorded from wild-type and mutant channels are shown in Fig. 2 Left. Channel openings are depicted as downward deflections. As reported (27) (28) (29) , open time distribution was fitted best to a sum of two exponentials when modified with a dihydropyridine agonist, Bay K 8644 (Fig. 2 Right) . This was the case not only for the wild type but also for all six mutant channels. Removal of a proline from motif IS4 or IIIS4 caused a dramatic effect on the channel open time. On average, the mean open time was 1.21 Ϯ 0.08 ms (n ϭ 11) for P215L and 1.38 Ϯ 0.10 ms (n ϭ 7) for P976L, 37 and 42% of the wild type (3.25 Ϯ 0.26 ms, n ϭ 6), respectively. The double mutant P215L-P976L showed an even shorter mean open time (0.82 Ϯ 0.02 ms, n ϭ 7), which was 25% of the wild type.
Of interest, introducing additional proline(s) to the S4 produced exactly the opposite effect of the removal of proline(s). The mean open time was 6.11 Ϯ 0.68 ms (n ϭ 8) for I598P and 7.69 Ϯ 0.99 ms (n ϭ 8) for L1307P, 188 and 237% of the wild type, respectively. The longest mean open time was observed at the double mutant I598P-L1307P (9.49 Ϯ 0.94 ms), 292% of the wild type (n ϭ 6). This was 11.6-fold longer than P215L-P976L. These results are summarized in Fig. 3A. When the mean open time was plotted against the number of the S4 with a proline (Fig. 3B) , it was clear that the prolines in the S4s prolong the channel open time in a number-dependent manner. The EC 50 value of the number of the S4 with a proline is between 2 and 3 (2.67).
Both fast and slow time constants of the open time distribution were shortened by removal of the proline(s) and were lengthened by the addition of the proline(s) to the S4s (Fig.  3C ). This observation suggests that two different open states of the channel are both stabilized by the existence of proline(s) in the S4 voltage sensors. In addition, mutants P215L and P215L-P976L displayed a significantly higher fraction of short openings ( Table 1) . The same tendency-that is, the more the number of S4 with a proline, the higher the fraction of longer openings-was observed in other mutants, although this effect did not reach a statistical significance. This behavior implies that the S4 prolines make the channel favor to stay in the long-opening state. In contrast to the effect on the channel open time, mutations had little effect on single channel conductance ( Table 1 ing showed only small difference and a random tendency among the wild-type and mutant channels (Fig. 3D) . Thus, there is no direct correlation between the number of S4 prolines and the first latency. Whole-Cell Measurements. Representative whole-cell Ba 2ϩ currents are illustrated in Fig. 4A . Corresponding I-V relationships are shown in Fig. 4B . There is a clear difference in the current activation kinetics among mutants-that is, faster activation for less proline mutants (P215L, P976L, P215L-P976L) and slower activation for the mutants with extra S4 prolines (I598P, L1307P, I598P-L1307P). The time constants of current activation measured at the peak current potential are summarized in Fig. 4C . The time constants were 1.59 Ϯ 0.10 ms (n ϭ 7), 1.38 Ϯ 0.06 ms (n ϭ 13), and 1.08 Ϯ 0.07 ms (n ϭ 10) for P215L, P976L, and P215L-P976L, respectively, 50, 43, and 34% of the wild type (3.18 Ϯ 0.40 ms, n ϭ 9). In Proc. Natl. Acad. Sci. USA 96 (1999) contrast, the time constants were larger for I598P, L1307P, and I598P-L1307P, compared with the wild type: 4.45 Ϯ 0.21 ms (140%, n ϭ 15), 4.49 Ϯ 0.21 ms (141%, n ϭ 10), and 6.49 Ϯ 0.27 ms (204%, n ϭ 9), respectively. Parameters for the voltage dependence of activation and inactivation for wild-type and mutant channels are summarized in Table 2 . The P215L mutation did not shift the midpoint potential (V mid ) for activation but did decrease the slope by 36% whereas P976L significantly shifted the V mid for activation to the right (9.4 mV), with little change in the slope. These effects were observed in an additive manner in the double mutant P215L-P976L, in which the V mid for activation was shifted by 9.6 mV to the right, and the slope was decreased by 58%. In contrast, the V mid for activation was shifted to the left for I598P, L1307P, and I598P-L1307P by 7.9, 2.8, and 10.4 mV, respectively. The slope was decreased slightly in L1307P and I598P-L1307P. The removal of prolines from the S4 had little effect on the voltage dependence of inactivation (Table 2 ). There was no significant shift in the V mid for inactivation in P215L, P976L, and P215L-P976L. Extra added prolines to the motif IIS4 showed a profound effect on the voltage dependence of inactivation, with the V mid for inactivation shifted to the left by 11.6 and 23.3 mV for I598P and I598P-L1307P, respectively. (4) (5) (6) (7) (8) (9) (10) 31) . In these studies, when the positive charges in S4s were neutralized or reversed, or even when noncharged residues were mutated, the steady-state activation curves were shifted significantly. Experiments clearly show that S4s play an important role in voltage sensing that occurs before the actual channel opening. However, the molecular mechanisms for voltage sensing and channel openings are distinct (28) . The molecular site for the activation gates are not known so far, and mechanisms for the coupling between the movement of the voltage sensor and open-close transition of the gate remains to be clarified. One possible mechanism implies the notion that S4 movement ''pulls'' or distorts the S4-S5 linker, thus contributing to the inner pore of the channel and enabling the activation gate to open. Alternatively, movements of S4 may displace other parts of the channel and may lead to the gate opening (32). Although our results do not prove or disprove either model, it is clear that the proline residues in S4s play a key role in the open-close transition of the gate. Moreover, prolines in four different motifs are likely to act cooperatively; that is, addition or removal of two prolines showed a greater effect than a single mutation.
DISCUSSION
A direct comparison of whole-cell with single-channel data is not possible because of a voltage shift in channel gating that arises from surface charge effects at different Ba 2ϩ concentrations. However, quantitative comparison among the clones in each condition would be rationalized. Moreover, because the channel open time was only weakly voltage-dependent, even if we compare it at different test potentials that reflect different V mid for activation, still the tendency is the same (data not shown). At the macroscopic current level, mutations in the S4 proline altered the activation kinetics; that is, removal of prolines accelerated the activation whereas additional prolines slowed it. The effect of S4 mutation on the macroscopic activation kinetics looks almost like the effect on the channel open time at the single channel level: namely, the shorter the mean open time, the faster the current activation. Difference in the activation kinetics is not likely caused by the different speed of the movement of voltage sensors. We observed only small difference in the latency to the first opening among wild-type and mutant channels. This indicates that the time necessary for the channels to undergo multiple closed states, including the outward movement of S4s on depolarization, has not been altered significantly by mutations. These small changes very likely cannot account for the different activation kinetics. Difference in activation kinetics would more likely be attributable to the channel open time itself. According to theoretical considerations based on a simple model (33) , when the mean channel open time is 1͞␣ and the mean first latency is 1͞␤, the time to maximum amplitude t max is given by an equation: Significant but less dramatic effects were observed in the voltage dependence of activation by mutations in the S4 prolines. With an exception of P215L, there is a constant tendency for the prolines in S4s to shift the steady-state activation curves to the left. This suggests that the existence of prolines in the S4s decreases the energy barrier for the channel opening. The unique aspect of motif IS4 having only one charged residue downstream (intracellular side) to the proline or its equivalent position (compare to the other three S4s, which have two charged residues) may contribute to the lack of effect of the mutation in IS4 on the voltage dependence. In addition, all mutants except for I598P showed decreased voltage sensitivity (slope) of activation. This is in agreement with the study by Hurst et al. (10) in which an introduction of a proline to the S4 of concatenated potassium channel subunit K V 1.1 resulted in a decreased slope of the G-V curve. The shift in the V mid for activation by proline mutation was relatively small (Ϸ10 mV in both directions), compared to the chargeneutralizing or charge-reversing mutations in the S4 (4-6). Additionally, the fact that these prolines are conserved even in the low voltage-activated Ca 2ϩ channels (18, 19) suggests that the S4 prolines are not an essential determinant of the voltage dependence of activation.
I598P and I598P-L1307P showed a significant difference in V mid for the steady-state inactivation compared with the wild type. For these two mutants, both the steady-state activation curve and the steady-state inactivation curve shifted to a hyperpolarized direction. These results suggest that activation and inactivation are strongly coupled, similarly to that found for the Shaker K ϩ channel (5); that is, because, at less positive potentials, more channels are activated for these mutants, higher fraction of channels have a chance to inactivate at less positive potentials. The reason why this was not the case for other mutants is not clear from our data. From our present results, we suggest that S4s with a proline (motifs IS4 and IIIS4 in the wild-type channel) promote channel opening to a greater extent than the ones without a proline (motifs IIS4 and IVS4). In the S4s of an L-type Ca 2ϩ channel, García et al. (31) neutralized or reversed positively charged residues. They found that significant effects on the V mid for activation and time constant of activation were produced by mutations in motif IS4 and IIIS4 but not in motif IIS4 and IVS4. These results are nicely consistent with our findings; namely, mutations in IS4 and IIIS4 result in greater effects because of their greater contribution to the open state of the channel. On the other hand, in our work, mutations in S4s in four different motifs all resulted in significant changes in channel characteristics, suggesting that all S4s contribute to the gating of the channel, although not equally.
The principal subunit for the voltage-gated Ca 2ϩ channels and Na ϩ channels-that is, the ␣ 1 subunit of the Ca 2ϩ channels and the ␣ subunit of the Na ϩ channels-consist of four homologous repeats that resemble a single ␣ subunit of the voltage-gated K ϩ channels, containing six transmembrane segments. Therefore, it has been theorized that Ca 2ϩ channels and Na ϩ channels are homologous products of the K ϩ channel gene duplications that occur early in the evolution of eukaryotes (32, 34) . Considering the analogy between the effects of S4 prolines and dihydropyridine agonists-that is, stabilizing the channel open state, shifting the voltage dependence to the hyperpolarizing direction, and slowing the activation rate-it is tempting to speculate that the proline residues were introduced to the S4 voltage sensors of the Ca 2ϩ channels during evolution as an ''intrinsic channel agonist'' to set the open time of the channel, thus improving the efficiency of Ca 2ϩ ion permeation.
